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Abstract This study estabHshes that SMC, LMC and 
Milky Way extinction curves obey the same extinc- 
tion law which depends on the 2200 bump size and 
one parameter, and generalizes the Cardelli, Clayton & 
Mathis (1989) relationship. This suggests that extinc- 
tion in all three galaxies is of the same nature. The role 
of linear reddening laws over all the visible/UV wave- 
length range, particularly important in the SMC but 
also present in the LMC and in the Milky Way, is also 
highlighted and discussed. 



Keywords ISM: dust, extinction 
galaxies: Magellanic Clouds 



1 Introduction 



galaxies: ISM 



Extinction curves in the Small Magellanic Cloud 
(SMC) have a striking shape close to linearity in 
wavenumber 1 /A, over all the v i sible and UV wave- 
length range dPrevot et al.l Il984 ICordon et all booj 
Cartledge et al.ll2005[ l. Taking into account the forward-^ 



scattering properties of i nterstellar dust, both i n the 
visible and ir i the UV ( Henvev fc Greenstein 194ll : 
Zagurv 2000a[ l. this kind of curves, well known in 
Aeronomy, accepts a simple interpretation: extinction 
in these directions must be due to a power law size dis- 
tribution of interstellar large (with size comparable or 
larger than the wavelength) grains. No information on 
the precise composition of the grains can be deduced 
from such extinction curves however: aerosols in the 
earth atmosphere for instance produce a similar extinc- 
tion law. 
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The Prevot et al. ( 1984h conclusion that linear- 
ity and the absence of a 2200 bump characterize 
SMC exti nction is not totall y right: AzV456 has 
a bump ( Gordon et al. 2003[ ). and the extinction 



curve of AzV398 departs from linearit y in the far 



UV (Sect. 16.11). In fact, re cent studies (| Gordon et al 



2003t ICartledge eralll2005[ l show that SMC and Large 



Magellanic Cloud ( LMC) extinction curves share the 
same general features one finds in the solar neighboor- 
hood: a linear law in the visible, the 2200 bump, 
and a far-UV rise. But, for an equal reddening (mea- 
sured by E{B — V)), Magellanic extinction curves will 
in most cases differ from average Galactic ones by a 
less important 2200 b ump and a steeper far-UV rise 
(|Cartledge et al.ll2005l ): SMC linear curves constitute 
the extreme case where the bump disappears and the 
far-UV rise prolongs the linear visible extinction law. 
Conversely, Magella nic-like extinction cu rves are found 
in the Milky Way (jClavton et al.ll2000f ). Galactic di- 
rections with no bump exist at relatively high redden- 
ings (planetary nebulae NGC6905 and NGC5189, with 
E{B — V) ~ 0.6), and linear extinction curves are found 
in the Galaxy along direction s of low column density 
(Sect. Hand El this paper, and lZagurvl (|200lh ). 

In the matter of the variations of the observed 
properties of interstellar extinction in and outside the 
Galaxy, one may therefore consider that the differences 
between Magellanic and Galactic extinctions are not so 
clear. The fact that Magellanic-like extinction curves 
are not fitted by th e one parameter free, empirical, 
Cardelli et all (|l989h (CCM) relationship can not be 



used as a proof, as it has been argued (| Gordon et al 



ion ilCartledge et al.ll20n,5h . of differences in grain com- 



positions between Magellanic-like and average Galactic- 
like sight-lines: its failure to reproduce linear SMC ex- 
tinction curves (Sect. 17. ip may simply show its lim- 
its, awaiting for a more general, physically meaning- 
ful, understanding of interstellar extinction. In this re- 
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spect, the obtaining of a general, common fit to Mag- 
ellanic and Galacti c extinction curves, suggested in 
Gordon et aP (|2003 h. could represent a major step in 
the comprehension of the similarities and differences of 
interstellar extinction between the three galaxies. The 



numb er of free parameters of such a fit [in lGordon et al 



it is suggested that at least two parameters, R 



and HI column density, are necessary to fix the extinc- 
tion curve in any direction] will not only determine the 
degree of similarity between extinction laws in these 
galaxies but may also shed light on the dependencies of 
interstellar extinction in the Universe. 

In a more theoretical perspective, the existence of a 
linear interstellar extinction law over the whole visible 
and UV wavelength range, its importance, and its rela- 
tionship to the traditional CCM extinction law, have 
been poorly investigated, mainly because extinction 
curves in the solar neighborhood are mostly CCM-like. 
This raises significant questions. It first implies that 
the near-UV break and the important UV flattening- 
out in the extinction law of large grains assumed by 
all gra in models (see for instance fig. 2 in lPesert et al.l 
(1993)) is not that obvious. It further means that, in 
the Magellanic Clouds as well as in our Galaxy, either 
CCM-like and linear extinction laws coexist in the in- 
terstellar medium, or, there is a progressive passage, 
though at variable critical values of the reddening, from 
linearity to the more complex CCM extinction curves. 

This missing link between linear and CCM extinction 
laws, the possible role of a linear extinction law in high 
reddening directions, and the fundamental question of 
the differences and similarities between Magellanic and 
Galactic dusts, will be my main preoccupations in this 
article. 



2 Data 

This paper relies on a comparison of the spectral energy 
distributions (SEDs) of Magellanic stars in the visible 
and in the UV. The UV wavelength domain is para- 
doxically the most documented one thanks to the In- 
ternational Ultraviolet Explorer (lUE) database which 
covers a large part of the sky. No equivalent database 
exist for the visible and for the near-IR, where SEDs of 
individual stars are finally poorly known. Most stud- 
ies on visible extinction rely on photometry, the main 
indication of a reddening difference between two stars 
of same spectral type being A{B — V), the difference 
oi B — V between the stars. It is clear however that 
A{B — V) is not as good an indicator of reddening as 
a direct comparison of the visble SEDs can be. 

The forty one sta rs used in this paper are those of 
Gordon et al. ( 2003h (table 2) with three exceptions: 



AzV23, for which no lUE spectrum was found in the 
archives of the Vilspa ESA centre, SK-67 279, whose 
only LWR available spectrum is not reliable, and Sk- 
69 206. The latter has an abnormally low E{B — V)^ 
0.25 with respect to the important 2200 bump in its 
UV spectrum. The UV spectrum of Sk-69 206 is exactly 
proportional with that of the neighbor star Sk-69 210, 
which has E{B ~ V) ^ 0.53. A bias in the visible 
photometry, or the possibility that B — V is not rep- 
resentative of the average slope of the visible spectrum 
for this star could explain the discrepancy; a compari- 
son of Sk-69 206 's visible spectrum to that of Sk-69 210 
or of an unreddened star of same spectral type would 
be the most appropriate way to understand the visible 
extinction law in this direction. 

SEDs ratios (F*i/F*2) will be used (rather than mag- 
nitude differences) and I call 'reduced spectrum' of a 
reddened star the ratio i^*/Fo of the star spectrum to 
that of a non (or slightly) reddened one of same spectral 
type. The difference with traditional extinction curves 
(given by —2.5log{F^,/Fo) + Cte) is minimal when re- 
duced spectra are plotted on a logarithmic scale; re- 
duced spectra have the advantage of being the direct 
expression of the observations, and their use was found 
to be more convenient for this work. 

2.1 Visible photometry 

B — V ph otometry in Tables [T| and [2] is essentially the 
same as in 



Gordon et al 



(120031) . 

I found two sets of photometric data for SMC stars, 
one whic h can be retrieved fro r n SIMBAD (original 



source s m 
(19771). or 



Azzopardi et al.l (1975), Ardeberg fc Maur"ic3 
Nicoled (ll97'8l V) and the more recent one of 



Gordon et al.l (|2003l ). The agreement is generally good 



except for AzV214 and AzV462 (for which SIMBAD 
gives respecti v ely B - V = 0.07 and -0.17 ± 0.02). 
Gordon et al.l ( 20031 ) B — V values have been adopted 
here (column 2 of Table |T]). Spectral informat i on for 
S MC stars are from eithe r I Azzopardi fc Vigneaul (|l982l ) 
or iGarmanv et al. I (|l995l ). 

LMC photometry (Table [2]) was retr ieved from SIM 
BAD, original sources being in eit her lArdeberg et al 



(Il97a) ■ llssersted^ (Il975l . [T9to[ Il982l) . or lNicoledligTsL 



They generally result from three to four measurements, 
and are given with an uncertainty of ±0.02 mag. A few 
stars with more precise photometry were found at the 
Lausanne GCPD database (http:/ /obswww.unige.ch/gcpd).| 
LMC spectral classification from visi ble wavelengths 
(third col umn of TableEt is from either iRousseau et al.l 
( 19781 ) or lFitzpatricP (| 19881 ). 

Indicative E(^B — V) reddenings are derived at the 
end of Tables [1] and [5] from the visible photometry, 
the visible /UV s pectral types, and from the intrinsic 
Fitzgeraldl (|l970l ) colors. 
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Table 1 SMC data 



str&r 


B - V^^^ 


spectral type 


E(B - 


B(3) 








uv(5) 


type(6) 






AzV18 


0.041 ± 0.006 


Blla 


B3Ia 


B0-B1.9 


0.23/0.17 


N 


AzV70 


-0.154 ±0.013 


09.5IW 


09Ia 





0.12/0.13 


N 


AzV214 


0.038 ±0.007 


B3Iab 


B2Ia 


B0-B1.9 


0.17/0.21 


N 


AzV289 


-0.118 ±0.009 


BOI 


09Ia 





0.12/0.16 


N 


AzV380 


-0.109 ±0.010 


B0.5Ia 


BOIa 


B0-B1.9 


0.11/0.13 


N 


AzV398 


0.100 ±0.022 


09.7Ia 


09Ia 





0.37/0.38 


N 


AzV404 


-0.098 ±0.006 


B2Ia 


B3Ia 


B0-B1.9 


0.07/0.03 


N 


AzV456 


0.109 ±0.009 


09.7Ib 


08II 


B0-B1.9 


0.38/0.43 


W 


AzV462 


-0.126 ±0.012 


Blla 


B2Ia 


B0-B1.9 


0.05/0.04 


W 



(1) From lGordon et all (|2003l ). 

(2) Indicative reddenings derived from columns 4 and 5, and from [B — V)q in Fitzgerald ( 1970f) . 

(3) 'N' for no 2200 bump, 'W for a weak bump, 'L' for a large bump. 

(4) From studies in the visible (Sect. [TT]) . 

(5) From lSmith Neubig &: Bruhweileil (|l997lll999l ). 

(6) Adopted types (Sect. 



2.2 UV data 

lUE spectra were retrieved from the INKS Archive Data 
Server. 

1 used the ALlll (1855 — 11863, spectral origin) 
and Felll (1891 — 1988 , spectral origin with a possi- 
ble interstellar contribution) prominent features to clas- 
sify th£_sta£S_according to their spectral type, follow- 
ing |Prevot_et_alJ (|l984l ) in the expectation that for two 
stars of close spectral types the SEDs ratio will cancel 
the AL/Fe depression. Stars were separated into three 
main types, according to the importance of the AL/Fe 
depress ion. Compared with the Smith Ne u big - Bruh- 



1999h 



weiler (jSmith Neubig fc Bruhweilerl 11997 . 
this classification should roughly correspond to O gi- 
ants (no ALlll- Felll lines), B0-B2 (small depression 
between 4.8 and 5A fim~^)) and B2-B4 (large de- 
pression). Differences occasionally appeared (AzV18, 
AzV404, AzV456, Sk-69 280, Tables [T] and d]) with the 
Smith Neubig - Bruhwciler classification, probably due 
to the different methods used to determine spectral 
types from UV spectra: the Smith Neubig classification 
depends on the six order polynomial fit of the contin- 
uum, while the stars were here directly compared one 
to another after a correction for their average slope dif- 
ferences. The spectral classification derived from UV 



wavelengths often differs (jSmith Neubig fc Bruhweilei 
|l997ill999l ) and Tables [T] and d]) from the visible ones. 

Figure [T] shows a sample of the UV spectra, with 
an arbitrary scaling, extracted from the forty one stars 
of the sample, and classified by decreasing mean UV 
slope. The y-axis is logarithmic. An order of magni- 
tude corresponds to the interval between two long ticks, 
the whole y-axis of the plot spans three orders of mag- 
nitude. Dashed vertical lines delimit the AL/Fe region, 
the central wavelength of the 2200 bump is indicated 
by the dotted line. The progressive inclination of the 
spectra is manifest. From 3/xm~^ to 8/zm~^ the flux 
level increases by a factor of ~ 8 for the bottom spectra 
of Sk-67 168, while it decreases by a factor of ~ 5 for 
Sk-69 210: the average slope of the spectrum is there- 
fore decreased by a factor of ~ 40 between the two stars 
(the change of slope is roughly an exponential e""'^/^, 
with A in /xm). 

Modification of the average slope of the UV spec- 
trum, from one star to another, can be due either to 
spectral type differences (temperature reddening), or, 
to interstellar extinction. It is clear, from the E{B — V) 
columns of Tables [T] and O that all stars of the sample, 
includ ing the ones used as references in ICordon et al.l 
( 20031 ). are reddened, either by Galactic dust, or, by 
dust in the Magellanic Clouds. It can be presumed that 
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Table 2 LMC data (see Table E] for columns mcanine: 



star 


R 1/ 
IJ — V 


spectral type 


rLyr} — K J 


TO 
D 






"\ T: r-. 

VIS 


U V 


type 






Cl^ f^K IK 


nil 
— U.ii 


r511a 




r>z-r>4 


U.Uo/ — 


AT 
IN 


cu at: t^io 
DK-OO DO 


— U.io 


f^n 7T 

09.71 




(J 


n 1 / 
U.I/- 


AT 


bJl-DD iy 


U.iz 


T) AT 


BOla 


TO A T> 1 A 


U.zo/U.ou 


W 


fi^^ OK 


— U.U( ( ± U.UUo (4j 


r>ila 




TD ~D A 
DZ-D4: 


011/ 
U.ii/- 


AT 
IN 


QQ 


n on 
u.zu 


T~>0 




BZ-B4 


U.o ( /- 


W 


bK-DO iUo 


n HQ 
— U.Uo 


r>zla 




"DO T> A 

Bz-B4 


nn / 
U.U9/- 


AT 


oK-DD iio 


— U.UO 


r>zla 




Bz-B4 


10/ 

U.iz/- 


AT 


bK-DD ioy 


n 1 "? 

— U.itj 


U9.71a 


091a 


u 


n 1 Q /o 1 
U.io/U.iO 


AT 
IN 


bK-O ( Z 


u.uyy ± u.uuy 


Bl.oia 


Bila 


TO T) /I 

B2-B4 


oc /n 07 
U.zs/U.z ( 


WJ 

W 


bK-D( 


— u.iio ± U.uii 


uy. (ID 


riUla 


T3 A T3 1 A 

BU-Bi.y 


1 /n 10 
U.iO/U.iz 


AT 


ci_ qfi 


n ns 
— U.Uo 


Bz.oia 


B31a 


B2-B4 


n7 /n on 

u.u ( /u.uy 


AT 


Cl_ fi'y 70 

bK;-D( (o 


— U.U4 


r>ola 




TD T> /I 

Bz-B4 


nv / 
U.U / /- 


AT 
IN 


bK;-D( iUU 


n nQ 
— u.uy 


r>ila 




TD TD /I 

Bz-B4 


n 1 / 
U.I/- 


AT 


b-K-D( iOO 


n 1 7 

— U.i ( 


(Joia 




(J 


n 1 / 
U.iz/- 


AT 


bK-D( ZZO 


—U.Uo 


Bzla 


TO OT.^ 

Bila 


TD TD /I 

B2-B4 


1 /n 10 
U.iz/U.iz 


AT 


bK;-D( ziao 


n ns 
— U.Uo 


JJ _Llci 




JJZ- JI>'4: 


011/ 
U.ii/- 


AT 
IN 


Div UO ^0 


0.22 


OB 


B3Ib 


B2-B4 


5/n 34 


L 


Sk-68 26 


0.13 


B8I 


B3Ia 


B2-B4 


0.14/U.26 


W 


Sk-68 40 


-0.07 


B2.51a 




B2-B4 


0.U8/- 


N 


Sk-68 41 


-0.11 


B0.51a 




B0-B1.9 


0.U8/- 


N 


Sk-68 129 


0.03 


BO. 5 




B0-B1.9 


0.25/- 


W 


Sk-68 140 


0.09 


BO 




B0-B1.9 


0.33/- 


W 


Sk-68 155 


0.03 


BO. 5 







0.25/- 


w 


Sk-69 108 


0.27 


B31 


B4Ia 


B2-B4 


0.50/0.50 


L 


Sk-69 210 


0.36 


B1.5 




B2-B4 


0.53/- 


L 


Sk-69 213 


0.10 


Bl 




B2-B4 


0.29/- 


W 


Sk-69 228 


0.07 


OB 


B21a 


B2-B4 


0.34/0.24 


N 


Sk-69 256 


0.03 


B0.5 




B2-B4 


0.25/- 


N 


Sk-69 265 


0.12 


B3I 


B31a 


B2-B4 


0.25/0.25 


W 


Sk-69 270 


0.14 


B31a 


B41a 


B2-B4 


0.27/0.31 


W 


Sk-69 280 


0.09 


Bl 


B1.5Ia 


B2-B4 


0.28/0.27 


w 


Sk-70 116 


0.104 ±0.005 


B2Ia 


B31a 


B2-B4 


0.27/0.23 


N 


Sk-70 120 


-0.069 ±0.008 


Blla 




B2-B4 


0.12/- 


N 
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3 4 5 6 7 8 



Fig. 1.— UV spectra sample of LMC and SMC field 
stars, classified by decreasing slope, and rescaled by 
an arbitrary factor. Y-logarithmic axis. The num- 
ber after each star's name stands for its type [(f)=0 
stars,(2)=B0-Bf.9, (3)=B2-B4 (Sect.H^]. The AL/Fe 
region and the 2200 (4.6 /iin^^) bump arc indicated. 



(c a constant). 

If the stars have same spectral type 

AA.2-^Aa = 1.06A„,(i-f(i?, -4)) (2) 

and: A^^ = 2AE{B - V). 
In terms of fluxes, Eq. [T]is 

^ = Ce^ (3) 

[C a constant). 

The precision with which observed 2A(i3 — V) ap- 
proaches the difference of visible slopes between two 
stars, A^jis in Eqs. [l]or[3l depends on the precision of 
B — V photometry, and on how good an indicator of the 
overall slope of each individual visible spectrum B — V 
is. The latter uncertainty is difficult to evaluate, and 
is generally neglected. The former one should be less 
(Sect. 12. ip than 0.08 mag. (four times the uncertainty 
on B - V). 

In the UV, as in the visible, temperature reddening 
is linear in 1/A. Therefore, if the UV spectra of two 
stars differ, on a logarithmic scale, by a change of slope 
(an exponential of 1/A) , the difference of UV extinction 
laws between the two directions must also be linear in 
1/A. 

4 Slightly reddened stars {B — V < 0) 



the small diminution of slope between the UV spec- 
tra of Sk-67 168 (O), Sk-68 41 (B0-B1.9), or Sk-65 15 
(B2-B4) is mainly a question of temperature reddening, 
while differences between stars of same type (Sk-67 168 
and Sk-68 155) or important ones (Sk-67 168 and Sk- 
68 155 or Sk-69 210) are more a matter of interstellar 
extinction. 



3 Linear reddening 

In the visible, a temperature difference or a difference 
of interstellar extinction between two stars appear as 
a difference of slope between the SEDs. In magnitudes 
both effects are linear in 1/A ()Halllll937t[stebbins et all 
19391: lDivanlll954[) . If {B - V)2 and {B - V)i are the 
respective colors of two stars 1 and 2, and if A^^^ = 
2{{B — V)2 — {B — V)i) ^ the magnitude difference at 
wavelength A (expressed in /im, l/\v = 1.82/im~^, 
1/Ab = 2.27/im~^) is 



1.06 



A,, 



(1) 



Figure [U demonstrates that the UV spectra of these 
slightly reddened stars (with reddenings of order E[B — 
V) ~ 0.1 mag., Table[3]), within each spectral type (O, 
B0-B1.9, B2-B4, Sect. [211]), differ exactly by a change 
of slope. The bottom spectra on each plot are the UV 
spectra of the stars rescaled to the same value in the 
near-UV. The top spectra show the good superimpo- 
sition (B2-B4 stars in particular, once the slope differ- 
ences are corrected, have identical continuum and spec- 
tral lines strengths) of the spectra, once they have been 
corrected for their slope differences. Interstellar extinc- 
tion should be the main cause of change of slope within 
each of the three spectral types in Figure [H Modifi- 
cation of the UV continuum between spectral types is 
also an exponential of 1/A (Figure [31). 

The perfect superimposition of the UV spectra 
within each class, once they have been corrected for 
their slope differences, implies (Sect. [3]) that the in- 
terstellar extinction curves in the UV are, for these 
directions, linear in 1/A. It will also be deduced that 
Magellanic and Galactic UV extinction laws in these 
directions (unless they can compensate one another to 
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Table 3 Slightly reddened stars {B -V <0) 



star 




ins 


^(3) 


VIS 


^(5) 


stars 


Sk-67 168 


0.12 














AzV70 


0.12 


0.032 


0.025 






Sk-65 63 


0.11 


0.02 


0.04 






Sk-66 169 


0.14 


0.08 


0.05 






AzV289 


0.15 


0.10 


0.11 






B0-B1.9 


AzV462 


0.04 












Sk-68 41 


0.07 


0.03 


0.01 


0.06 


0.08 


Sk-67 5 


0.13 


0.07 


0.05 






AzV380 


0.12 


0.032 


0.056 






AzV404 


0.05 


0.056 


0.074 






B2-B4 


Sk-65 15 


0.07 








0.12 


0.14 


Sk-66 35 


0.10 


0.06 


0.00 






Sk-67 256 


0.09 


0.06 


0.01 






Sk-67 100 


0.1 


0.04 


0.04 






Sk-70 120 


0.12 


0.08 


0.03 






Sk-66 106 


0.08 


0.06 


0.04 






Sk-67 36 


0.08 


0.06 


0.06 






Sk-66 118 


0.10 


0.12 


0.08 






Sk-67 228 


0.12 


0.12 


0.09 






Sk-68 40 


0.08 


0.08 


0.12 






Sk-67 78 


0.09 


0.14 


0.15 







(1) Rough estimate of the reddening from Tables [T] and [H 



(2) Twice the difference of B-V between the star and the reference star of same type. Corresponds to the slope 
difference of the two stars spectra in the visible. 

(3) Difference of UV slopes between the star and the reference star of same type. This is the exponent found 
in Figure [5] for the UV spectra. 

(4) Twice the difference of B-V between the star and Sk-67 168. 

(5) Difference of UV slopes between the star and Sk-67 168. From Figure [3l 
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4 5 6 


7 f 


(B2-B4) --.Mc^M 








4 5 6 


7 f 



Fig. 2. — Slightly reddened Magellanic stars {B — V < 
0, Sect. IH) of Table [3l classified by spectral type. On 
each plot (Y- logarithmic axis), bottom spectra are the 
UV spectra re-scaled to a common value in the near- 
UV, top spectra are the same spectra, corrected for 
their difference of slope. Solid lines are for Sk-67 168 
(O), Sk-68 41 (B0-B1.9), Sk-65 15 (B2-B4). 



and, contrary to common Galactic stars with similar 
reddening, have no 2200 bump. These are AzV398 
O), AzVlS and AzV214 (B0-B1.9), in the SMC; Sk- 
69 228, Sk-69 256, and Sk-70 116 (B2-B4), in the LMC 
(Figure H]). E{B — V) ranges from 0.2 to 0.4 mag., 
significantly larger than for the slightly reddenned stars 
of Sect. H 

Normalisation of the UV spectra of the stars (Fig- 
ure E]) by the low reddened ones of Sect. IH of same 
type, gives in the near-UV an exponential of 1/A (the 
exponent A„„ is written on each plot). 

For three of the stars (Sk-69 256, AzV214, AzV18) 
this exponential can be prolonged to the far-UV. The 
increase of reddening from Sk-69 256 to AzVlS is clearly 
observed through the progressive change of slope from 
one reduced spectrum to the other (Figure EJ. There 
is excellent agreement between Au^, and A^is: the ex- 
tinction law in these directions is linear from the visible 
to the far-UV, and, as in Sect. [H Galactic and Magel- 
lanic extinctions along these lines of sight can not be 
distinguished. 

For AzV398, Sk-69 228 and Sk-70 116, A^,, is stiU a 
good indicator of the difference of near-UV slope with 
stars of lesser reddening, but in the far-UV the SEDs 
ratios are in excess compared to the visible slopes. The 
exact wavelength from which the curves depart from 
linearity is not clear (especially for Sk-70 116) owing to 
the overlap between the bump and the AL/Fe absorp- 
tion regions. 



6 Reddened stars with a 2200 bump 

Reddened stars with a 2200 bump are all but one 
(AzV398) in the LMC. They will be distinguished ac- 
cording to their spectral type and to the size of the 
bump (weak or large). 



give the observed linear extinction law) both behave as 
1/A and are not discernable. 

There is also excellent agreement between slope dif- 
ferences in the visible, A^^^ = 2A(i? — V) (column 3, 
Table EJ, and in the UV (A„„, column 4, with an ac- 
curacy of ^ 10%) within each class of stars (and also 
between the different classes, last columns of the Ta- 
ble). Therefore, the extinction law in these directions 
is linear across the whole visible and UV wavelength 
range. 

5 Stars with no 2200 bump, and J5 - F > 

A few LMC/SMC stars have a positive B — V (which for 
these 0-B stars is proof of a non negligible reddening) 



6.1 Weak bumps 

Among the twelve stars with a weak bump (quoted by a 
'W, last column in Tables [H and H]), nine [Sk-68 155 (O), 
Sk-66 19, Sk-68 129, Sk-68 140 (B0-B1.9), Sk-69 213, 
Sk-69 280, Sk-67 2, Sk-69 265, Sk-69 270 (B2-B4)] have 
UV spectra which differ exactly by a change of slope 
(an exponential of 1/A, Figure [H top plots). The cor- 
respondence between the change of slope in the visible 
and in the UV between the stars (last column of Ta- 
ble [3]) is excellent for all stars but Sk-66 19. Along all 
these directions (except Sk-66 19) reduced spectra will 
differ by an exponential of 1/A, and the extinction laws 
by a linear term, over all the visible-UV wavelength 
range. 



Sk-67 '68 (0) 
Sk-68 41 (B0-B1 




Fig. 3. — Bottom spectra are lUE spectra of Sk-67 168 
(O type, black line), Sk-68 41 (B0-B1.9, red line), Sk- 
65 15 (B2-B4, green line), scaled to the same arbitrary 
value in the near-UV. Top, spectra of Sk-68 41 and of 
Sk-65 15 have been multiplied respectively by e^^'^^/^ 
and by e^-^"*/^, to match the slope of the spectrum of 
Sk-67 168. Y-logarithmic axis. 




Fig. 4. — UV spectra of reddened stars, with B — F > 
and no 2200 bump (Sect. [5]). AzV398 is the only O 
star. B0-B1.9 stars are AzV18 (in red) and AzV214 
(in black). B2-B4 are Sk-69 256 (black line), Sk-69 228 
(red line), Sk-70 116 (green line). Y-logarithmic axis. 




Fig. 5. — Reduced spectra for the stars of Figure [U Y- 
logarithmic axis. The straight line on each plot, with 
slope Aui,, prolongs the visible extinction. The y-axis 
spans a factor of 10 for all but AzV398 plots, a factor 
of 15 for AzV398's. 

The UV spectra of Sk-66 19 and of Sk-69 280 super- 
impose perfectly with a slight change of slope (right top 
plot of Figure [H]) . A break of this change of slope be- 
tween the visible and the near-UV can not be excluded 
although it would represent an exception among the 
stars considered so far. On the other hand, a slightly 
larger error than expected in Sk-66 19's photometry, or 
the possibility that B — V does not properly represent 
its slope would explain the discrepancy. A compari- 
son of the visible SEDs of the stars would best fix this 
problem. 

B2-B4 stars Sk-66 88, Sk-68 26, AzV456, lie apart. 
Their visible/UV spectra differ one from another by 
a change of slope, which is equal (within the error- 
margins) in the visible and in the UV (Table [3|). Their 
UV spectra do not match the preceding ones, whichever 
correction of the slope is applied: if, for instance, the 
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UV spectrum of Sk-66 88, corrected for the difference 
of slope given by the visible photometry, is compared 
to the spectrmii of Sk-68 129 (Figure [HI bottom right 
plot), large differences appear in the far-UV part of the 
spectra (the bump may also be smaller for Sk-66 88 
than it is for Sk-68 129). The implication, already ap- 
parent in Sect. O is that visible extinction alone does 
not suffice to fix the extinction in the UV. One addi- 
tional parameter, at least, is necessary. However linear 
extinction laws still play a role in these directions of 
higher extinction since the visible-UV spectra of many 
of them deduce one from the other by an exponential 
of 1/A. 

6.2 Large bumps 

Most pronounced bumps are observed in the spectra 
of B2-B4 stars with relatively high reddenings {E[B — 
V) - 0.5) Sk-68 23, Sk-69 108, and Sk-69 210. 

Sk-69 108 and Sk-68 23 have a slightly larger bump 
than Sk-69 210. Their UV spectra differ by an expo- 
nential e°-^^/^, the exponent being close to the change 
of visible slope A^is ~ 0.10 (Figure top). 

The bottom plot of Figure[7]proves that the UV spec- 
tra of Sk-68 23 and Sk-69 210 superimpose well in the 
near-UV, after the slope of the latter has been corrected 
for the difference of visible reddening, but the spectra 
do not match in the far-UV. There is no straightfor- 
ward relationship between the variation of the extinc- 
tion curve in the visible and in the UV between the 
directions of Sk-69 210 on the one hand, and Sk-68 23 
and Sk-69 108 on the other. 



7 Fit of LMC/SMC extinction curves 

7.1 The CCM parametrization 

Figures 1 and 2 in CCM demonstrate that the differ- 
ent parts of Galactic extinction curves vary simultane- 
ously, in a systematic way, depending on E(B — V) 
and one additional parameter only: at all wavelengths 
and for all directions, there is a linear relationship be- 
tween Ax/E{B - V) and Ry^ = Av/E{B - V). Since 
E[B — V) can be simplified between these two expres- 
sions, the CCM finding means that A\ is not deter- 
mined by E[B — V) alone, but is a linear combination 
of E(B — V) and Ay- In other words, the exact shape 
of the extinction curve of an average Galactic star is 
fixed by the visible reddening, and the knowledge of 
one point (here {Xv,Ay)) in the (1/A, Ax) plane. The 
mathematical transcription of the CCM finding is that 



Sk-69 280, 

M fid 2 I 3xe°° ' 
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Fig. 6. — Stars with a weak bump (Sect. 16. ip . Y- 
logarithmic axis. 



Table 4 Stars with a weak bump (0.15 < B-V < 0.4) 



star 


type 


VIS 


^(2) 

'—^UV 




Sk-68 155 





-0.06 


-0.05 


-0.01 


Sk-66 19 


B0-B1.9 


0.06 


-0.07 


0.13 


Sk-68 129 


B0-B1.9 


-0.12 


-0.15 


-0.03 


Sk-68 140 


B0-B1.9 


0.00 


0.06 


-0.06 


Sk-69 280 


B2-B4 











Sk-69 213 


B2-B4 


0.02 


0.05 


-0.03 


Sk-67 2 


B2-B4 


0.02 


0.07 


-0.05 


Sk-69 265 


B2-B4 


0.06 


0.10 


-0.04 


Sk-69 270 


B2-B4 


0.10 


0.12 


-0.02 


Sk-68 26 


B2-B4 











Sk-66 88 


B2-B4 


0.14 


0.11 


0.04 


AzV 456 


B0-B1.9 


-0.06 


-0.07 


-0.01 



(1) Twice the difference of B-V between the star 
and the star chosen as reference (the star with 

Avis Ai^y 0) . 

(2) Difference of UV slopes between the star and the 
reference one. 
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Fig. 7. — Stars with a large bump (Sect. 16. 2p . Y- 
logarithmic axis. 

there are two functions a[x) and b[x) which satisfy 



= a{x)+bix)Ry' 

Ay 



(eq. 1 in CCM, x = l/X) or 
Ax 



a{x)Av + b{x)E{B -V) 
E{B - V){a{x)Rv + b{x)) 



(4) 



(5) 



Sk-69 108/Sk-65 15 
A(B-V) = G.38 




Sk-69 210/Sk-65 15 
A(B-V) = 0.47 



R.= 2, A, = 0,35, A, = 0.04 




Fig. 8. — Fit (Eq. [7]) of the reduced spectra of a 
representative set of Magellanic stars with a bump 
(Sect. [721) ■ Y-logarithmic axis. 



In the UV a{x) and b{x) are given by eqs. 4a and 4b in [^jjg equivalent to 

CCM 



a{x) 
b{x) 
with 

Fa{x) 

Fb{x) 

Fa{x) 



1,752-0.316 



0.104 



-3.090+ 1.825X + 



(x - 4.67)2 + 0.341 
1.206 



+ Fa(x) 



Fa 



^^-0.92E{B-V){b+aRv) 

fj^-0.92E{B-V)b(x)^-0.92E{B-V)Rva{x) j^g-j 



4.62)2 + 0.263 



-0.0447(x - 5.9)2 _ 0.009779(a; - 5.9)=^ 
(8 > X > 5.9) 

0.2130(a; - 5.9)^ + 0.1207(x - 5.9)^ 
(8 > x > 5.9) 
Fb{x) = 
{x < 5.9) 



{F^, and Fq are the reddened and the reference stars 
spectra, C a constant). 

Two remarks should be made. One is that in prac- 
tice, taking the a[x) and b[x) functions given in CCM 
(and reproduced above), the information on the 2200 
bump feature is nearly all contained in the first expo- 
nential of Eq. \6\ which fixes the size of the bump, and 
an average slope for the extinction curve. Therefore, 
in the CCM framework, the bump depends mainly on 
E{B — V) (almost not on i?y), an hypothesi s only par- 
tially confirmed by observation ( Savagelfl975l ). The sec- 
ond exponential, thus the value of allows some vari- 
ation of the UV curve's slope around the mean slope. 
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The second point that we must draw attention to 
is that Unear extinction laws in the UV, as they were 
encountered in previous sections, are not accounted for 
by the CCM fit: it would require the exponent involving 
b{x) to be null (no bump), and thus: E{B — V) = 0. 
Therefore most of SMC extinction curves , and Galactic 
sight-lines of very low column densities ( ZagurylboOl ) 
will not be fitted by the CCM relationship. 

7.2 Fit of extinction curves 



Gordon et all (|2003[) finds that four directions only, out 
of the forty one of the sample, Sk-69 280, Sk-66 19 
(weak bump. Sect. ET]), Sk-68 23, Sk-69 108 (large 
bump. Sect. 16. 2p follow a CCM relationship (with re- 
spective Rv of 3.12, 3.44, 3.55, 3.15). It follows from 
Sect. El that all stars with a bump whose spectra differ 
from these four ones by a change of slope only (an expo- 
nential of 1/A over all the visible wavelength range) will 
have their reduced spectrum fitted by the product of a 
CCM fit (Eq. [5]) and an exponential of 1/A: the extinc- 
tion law in these directions (that is all directions with 
a bump except these of Sk-68 26, Sk-66 88, AzV456, 
Sk-69 210 and maybe Sk-66 19) is the sum of a CCM 
and a linear extinction laws. For these directions, it is 
possible to find Ai and A2 for which 



Fn 



(^g-0.92Ai(fc+a_Rv.)g-2A2/A 

^g-0.92Aib(3:)g-0.92Aiflva(a;)g-2A2/A ^y-j 



with Ai-hA2- A(B-y). 

From Figure [8] it will be concluded that this fit also 
apphes to Sk-66 19, Sk-68 26 (thus also to Sk-66 88, 
AzV456, Sect, mi]) and to Sk-69 210. Since it holds for 
directions with a linear extinction, it finally applies to 
all forty one stars of the sample, with the exception of 
Sk-69 228, Sk-70 116, and AzV398 which do not exhibit 
the bump feature and do not have a linear extinction. 

Ai in Eq. [7]is unambiguously fixed by the strength 
of the 2200 bump, A 2 by the difference between A[B — 
V) and Ai. Ry then adjusts the UV slope of the fit, 
as in the CCM framework (Sect. mj) . 

The expression of a normalized extinction curve can 
easily be retrieved from Eq. [3 



A, 



Ai 



E{B - V) E{B - V) 

+ 0.53(1- 



{a{x)Rv + h{x)) 



E{B-V) 



(8) 



7.3 Remarks on Eqs. [7] and[8] 

Eq. [7] (or [5]) separates, along each sight-line, a CCM 
component from a linear component. As in CCM, the 
bump size is associated with a value (Ai) of the red- 
dening although, in this new formulation, it may be 
only part of E{B — V). The remaining part (A2 = 
E{B - V") - Ai) of E{B - V) follows a Hnear extinc- 
tion law. The correspondence between E{B — V) and 
bump size, implicit in CCM, is thus a boarder case 
(Ai E{B - y), A2 ^ 0), rather than the gener- 
ality. 

Firstly, this allows one to account for linear extinc- 
tion curves. Secondly, it allows a fit of most Galactic 
and Magellanic extinction curves by a single, common 
mathematical expression. For a given bump size the 
number of free parameters of a normalized extinction 
curve remains unchanged (= 1). 

There is, for this fit as well as for CCM's, a large 
uncertainty on the value of Ry due to the uncertainty 
on A{B — V): middle right plot of Figure [5] gives two 
acceptable and nearly undistinguishable fits of the UV 
spectrum of Sk-66 88 which differ by A{B -V) = 0.02 
while the values found for Ry vary from 3.2 to 4; any 
small uncertainty on A(B — V) leads to a large variation 
of Ry . The sensitivity of the Ry parameter to the refer- 
ence star is also indicat e d by a comparison of the values 
given in I Gordon et al.l (2003) to the ones found here: 
for Sk-66 19, for instance, with Sk-66 169 as compari- 
son, [CordoneLaL (2003) finds Ry = 3.44 ±0.21 while 
the present decomposition, with Sk-67 168 as refe rence, 
gives Ry ~ 4. Noteworthv. iBouchet et aL (1985) finds, 
from a multi- wavelength analysis, Ry = 2.7 ± 0.2 in 
the SMC. 

Eq. [7] can be used to re-examine particular Galactic 
extinction curves. Only f o ur dir ections out of the 417 
studied bv lValencic et al.l (|2004J l do not follow a CCM 
relationship. The reduced spectra of three [HD62542 
{E{B -V) = 0.38), HD204827 {E{B - V) = 0.80), 
HD29647 {E{B - V) = 0.91] of these directions (the 
fourth, HD210121, is not considered here because its 
spectral type and B — V color are poorly known) are 
plotted on Figure M HD204827 has a bump and is 
well fitted using Eq. [7] with Ry ~ 3. The two other 
directions, HD62542 and HD29647, have no or little 
bump, and their near-UV reduced spectra prolong the 
visible extinction law, the far-UV part being in excess. 
As Sk-69 228, Sk-70 116, AzV398 they can not be fitted 
byEq.m 



Ai being unequivocally determined by the size of the 
2200 bump. 
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Fig. 9. — Reduced spectra of Milky Way stars which do not follow the CCM relationship (jValencic et al.ll2004l ) 
(Sect. 17. 3p . The straight line on the two first plots is the UV prolongation of the visible extinction. HD204827 is 
fitted by Equation [71 Y-logarithmic axis. 



8 On the separation of Galactic and 
Magellanic extinctions 

Sects, m [SI and 17.21 demonstrate that it is not possible 
to separate analytically Galactic and Magellanic extinc- 
tions. An attempt to bypass this difhculty is made in 
Misselt et al. I (ll999l) : reddened stars in the LMC are as- 



sociated to reference stars with a similar Galactic red- 



dening, estimated from the lOstreicher et al.l (jl995i ) 10' 
resolution Galactic map. According to this paper the 
resulting extinction curves isolate the Magellanic ex- 
tinction. 

Both the LMC and the SMC are observed behind 
Galactic cirrus. The highlighted infrared (filamentary) 
structures (see Figure [TUl retrieved from Sky- View at 
[http://skys.gsfc.nasa.gov) observed in the direction of 
the Clouds belong to the Galaxy: they reproduce the 
structure of all Galactic cirrus observed by IRAS; there 
is continuity between the filaments in and outside the 
Magellanic Clouds (Figure fTTj) : and it would be remark- 
able that such structures, which would represent enor- 
mous masses of gas at the distance of the Magellanic 
Clouds, can mimic so well Galactic cirrus (unless one 
supposes self-similarity of cirrus up to very large scales). 
The large infrared surface brightness at their position 
results from the strong infrared gradients due to dust 
surrounding the Magellanic giant stars, over- which is 
superimposed the much lower Galactic HLC emission. 

It will be deduced that the Galactic extinction map 
in these directions is structured down to very small 
scales: at least the one arcminute probed by IRAS 
images, and most probably to sub-arcseconds as it 
can be observed on visible images of Galactic cirrus 
( Zagurv et al.lll999[ ). The relative positions of the Mag- 
ellanic stars and of Galactic structures on IRAS maps 



can serve as an indicator of the different amounts of 
Galactic dust along the stars' directions. Figure [T2| 
compares the 100 /xm emission around reddened Sk- 
68 23 (top left) and AzV 3 98 (bottom lef t ), and the 
comparison stars adopted in [Gordon et all (120031 ) . re- 
spectively Sk-67 36 (top right) and AzV 289 (bottom 
right). In both cases the reddened stars are situated 
behind local enhancements of Galactic interstellar mat- 
ter, while the comparison stars are seen through 'holes' 
(presumably) of much lower co lumn densities. The 10 ' 
resolution (see FigurefT^ of the lOstreicher et al.[ (|l995l ) 
Galactic extinction map in the direction of the LMC 
lacks the precision needed to resolve the structure of 
Galactic cirrus on the line of sight, and is therefore of 
no help in separating Galactic and LMC extinctions. 

The relationship between Galactic cirrus and Magel- 
lanic sight-lines can be investigated at an even smaller 
scale with the Palomar visible plates (DSS2 blue plates, 
available at Sky- View). The plates show, in and around 
the Magellanic Clouds, nebulosities which 'zoom' into 
the infrared filaments and reveal the Galactic struc- 
tures at a ~ 1" scale. The source of illumination of 
these n ebulosities coul d be the Magellanic Clouds them- 
selves ( Zagurv 2000bf ). which are the strongest source 
of visible light in the region. Most of the Magellanic 
stars with a bump are observed behind such nebulosi- 
ties (see for instance the LMC DSS2 blue images around 
Sk-68 155, Sk-68 140, Sk-69 213, Sk-69 270, Sk-69 206). 

The separation between Galactic and Magellanic ex- 
tinctions seems to be out of reach from up to date ob- 
servations. It can not be excluded for example that the 
2200 bump observed in some Magellanic directions is 
due to Galactic cirrus on the lines of sight, while Mag- 
ellanic extinction laws are always linear. This would 
explain why the bump is more frequently observed to- 
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Fig. 10.— IRAS 100 images (gnomonic J2000 coordinates, 1 pix=90", each field is 12.5° x 12.5° wide) of the 
LMC (left) and the SMC (right) (from Sky- View). The field, larger than the extent of the galaxies, includes the 
Galactic cirrus on each line of sight. Cutoffs are 1.5 MJy/sr and 100 MJy/sr for the LMC, 0.5 and 30 MJy/sr for 
the SMC. Logarithmic scale. 



wards the LMC than towards the SMC, since the cir- 
rus in front of the LMC has an averag e column den- 



sity (E (B - F) - 0.075, Av ^ 0.25, ISchleeel et al 
( 19981 )) about twice that of the cirrus in front of the 
SMC {E{B - F) - 0.037, Ay - 0.12). In this case 
Magellanic extinction laws would resumed to the linear 
part of the extinction curves. 



9 Conclusion 

Previous works on Magellanic extinction based on UV 
extinction curves all find major differences between the 
characteristics of extinction in the SMC, the LMC, and 
the Milky Way. In contrast, the present analysis shows 
that there is no proof, up to date, of a different na- 
ture of the extinction in the Magellanic Clouds and in 
the Galaxy, and therefore that there is no reason, from 
the sole study of extinction curves, to suppose a varia- 
tion of grain composition between these galaxies. This 
analysis also highlights the important role linear extinc- 
tion laws play, even in high column density directions. 
A generalization of the CCM fit, which still depends 
upon a single parameter for a given size of the 2200 
bump, was found and applies, in all three galaxies, to 
all directions except the 'transition' ones where the lin- 
ear visible reddening law breaks in the far-UV only, and 
where no 2200 bump is found. 



This study first proved (Sects. S] and [5]) that, in 
SMC/LMC low column density directions, Magellanic 
and Galactic extinction laws are linear and can not be 



distinguished. Combined with the IZagurvl (|200lh find- 
ing of linear extinction laws in Galactic slightly red- 
dened directions, it implies that linearity over all the 
visible/UV wavelength range in low column density di- 
rections characterizes interstellar extinction in all three 
galaxies. As column density increases, linearity breaks 
first in the far-UV, as an excess of light appears in some 
sight-lines. For the highest column densities, extinction 
is less than expected by the prolongation of the linear 
visible rise in the UV, and the traditional UV extinc- 
tion features progressively appear. There are no fixed 
thresholds between these transitions in the shape of the 
extinction curve. For example, linearity seems to hold 
at larger E{B-V) in the SMC than in the Milky Way. 

These ostensibly unpredictable behaviors are de- 
scribed by relationships which, surprisingly, involve a 
very small number of parameters. In 1989 the CCM 
article first proved that a large set of normalized ex- 
tinction curves is accounted for by a single parameter 
This law however is not followed by all extinction 
curves: linear extinction curves in particular, which 

^ The most important result presented here is that the 
entire mean extinction law, from the near-IR through 
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Fig. 11. — Bottom two thirds of LMC image (Fig- 
ure [TO]), with different cutoffs (3 and 10 MJy/sr for the 
lowest part, 3 and 30 MJy/sr for the upper one). There 
is continuity of the infrared structures in and out of the 
LMC. 

characterize the SMC but are also present in the Milky 
Way, can not be fitted using the CCM law (Sect. 17. ip . 
To embrace an even larger set of extinction curves it 
is necessary to give up the correspondence, implicit in 
CCM, between E(B-V) and bump size. The redden- 
ing in any one direction can then be separated into two 
parts, one following the CCM extinction law, the other 
a linear one. This generalization of the CCM fit is given 
by Eq. [7] (Eq. [S] for normalized extinction curves). It 
applies to all Galactic and Magellanic directions except 
those which have no 2200 bump and depart from lin- 
earity in the far-UV. 

That some directions do not follow the generalized 
CCM relationship of Sect. 17.21 should simply be at- 
tributed to its lack of physical foundations. The large 
uncertainties on the parameter Ry derived from this 
fit, its role in Eq. [7] (it affects only the UV part of the 
fits) question, in my opinion, the physical meaning of 
Rv derived from either the CCM fit or from Eqs.[7]and 

m 

the optical and lUE-accessible UV, can be well repre- 
sented by a mean relationship which depends upon a 
single parameter... the deviations of the observations 
from the mean relation (e.g., Figs 1 and 2) are impres- 
sively small.^ CCM, p. 253 



Fig. 12. — Four times magnified IRAS 100 /xm images 
(from Sky-View) centered on reddened Sk-68 23 (top 
left) an d AzV 398 (bottom l eft), and their comparison 
stars in lCordon et al.l ( 2003[ l. Sk-67 36 (top right) and 
AzV 289 (bottom right). Each image is 1.87° x 1.87° 
wide, cutoffs are identical f or reddened and compar ison 



star images. The beam of lOstreicher et al.l (|1995( ) ex- 



tinction map is given by the bright square top left of 
the left bottom image. 

It is therefore not possible from the data in hand to 
infer differences between Magellanic and Galactic dusts. 
It is also not possible for directions with a linear extinc- 
tion law to get any precise information on the chemical 
composition of the dust: even atmospheric aerosols lead 
to such laws. Linear extinction is an ubiquitous phe- 
nomenon in Nature which provides information on the 
grain size distribution, but not on the grains' composi- 
tion. 

This study highlights a general coexistence of lin- 
ear and non-linear components in interstellar extinc- 
tion laws, which, along with the passage from linearity 
to CCM extinction curves remain to be understood. It 
could be that both types of extinction coexist along 
some sight-lines, and one could imagine that in the di- 
rection of the Magellanic Clouds, the Magellanic ex- 
ti nction law is l i near ( as it was suggested for the SMC 
bv lPrevot et al.l (|l984l )) while the Galactic law is CCM- 
like. This can not be a complete and satisfactory an- 
swer however since it does not help our understanding 
of the intermediate stage of extinction, where linear- 
ity extends in the near-UV only, nor does it explain 
the role of linear extinction laws in the Galaxy. The 
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solution should come from a better understanding of 
these transition directions and will probably imply a 
re-consideration of the nature of interstellar extinction, 
in particular the advent of a fit based on a physical 
understanding of the phenomena at work. 
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